Abstract
Introduction
Cognitive-based collaboration metrics measure how well each team member understands his missions, tasks, and teams, how well the team members work together, and how effective the team is in producing high quality timely products efficiently. Successful metrics will enable collaboration assessors to review what happens in a collaboration, and to understand the relationship between individual understandings, team behaviors, and team products. When collaboration and teamwork does not work well, a well-founded set of collaboration metrics can help pinpoint exactly where in the process a problem arose, and so can help suggest remedies to these problems. This paper describes a set of proposed cognitive-based collaboration metrics. It describes the collaboration models that form the theoretical foundation for the metrics, describes the metrics themselves, and reviews the evaluation of the practicality and feasibility of the metrics in military experiments.
We define collaboration here to be "the mental aspects of joint problem solving for the purpose of achieving a shared understanding, making a decision, or creating a product." This definition emphasizes the cognitive and problem solving aspects of collaboration, as opposed to other definitions that place greater emphasis on information sharing. For example, the Information Superiority Working Group (Alberts, et al, 2001 ) defines collaboration as "actors actively sharing data, information, knowledge, perceptions, or concepts when they are working together toward a common purpose and how they might achieve that purpose efficiently or effectively."
Theoretical Foundation--Collaboration Models
A cognitive-focused theory of collaboration describes the mechanisms that connect team member understandings to team effectiveness. It accounts for how the quality, completeness, and alignment of team members' understandings impact team performance and the quality of team products. The cognitive-based models of collaboration describe the theory.
Because there are many different factors to consider in understanding these connections, it is awkward to represent all of these factors in any single model. Instead, it is more practical to develop separate models that address different factors. These models do not present competing or conflicting interpretations of collaboration. Instead, they complement each other, each clarifying different aspects of collaboration. Five different collaboration models have contributed to development of the cognitive-focused collaboration metrics. These are the models describing teamwork and "taskwork," planning-execution feedback for both teamwork and taskwork, the interplay between teams whose members that oscillate between working separately and gathering as a team, the relationship between cognition, tasks, and products, and the importance of "transactive memory" as a key intervening variable. The first three of these models are described in the Phase 1 SBIR report (Noble, et al, 2000) . The remainder are described in the metrics evaluation report (Noble, et al, 2001 ).
Teamwork/Taskwork Model
This model ( Figure 1 ) describes the framework for organizing the different activities that teams must do. It distinguishes "teamwork" from "taskwork," terms that we have adopted from the UK CP-21 project. This model enumerates and organizes many of the functions that teams must do. Because each of these functions can be important in collaboration under some circumstances, each requires metrics. For example, the model specifies that when teams organize for teamwork, they first need to agree on goals. Therefore, the model implies a need for metrics on the extent that people agree on goals and on the efficiency of the processes by which they reach agreement.
Planning/Execution Feedback Model
This model (Figure 2 ) builds on the teamwork/taskwork model. It emphasizes the importance of monitoring and adjustment for both teamwork and taskwork. In the case of taskwork, this corresponds to the normal feedback that occurs during plan execution. Commanders monitor the progress of a plan to determine if the plan will still enable them to achieve their objectives. If it does, they continue to execute the plan. If it does not, then they adjust the plan so that it will. Similarly, when a team is working together, the members need to monitor the team organization and processes, and to make adjustments to the team when needed. 
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Diagnose need for team adjustments This model implies the need for metrics on how well teams monitor their mission and team performance. Metrics for taskwork--the mission performance--have long been recognized as important in measuring command and control effectiveness (Hayes et al, 1983) . This model emphasizes the need for an analogous set for measuring the feedback processes concerned with team health. For example, it suggests such metrics as time to detect that a team member is overworked and requires backup.
2.3
Individual-team interplay model.
The framework in the previous two models applies to every collaborative team. The individual-team interplay model ( Figure 3 ) applies to only some types of teams. It describes the interactions important in teams such as collaborative planning groups. In these teams, team members occasionally meet synchronously as a full team to discuss and resolve issues and to adjust individual tasks. After this meeting, the individual team members separate to work on their separate tasks.
When meeting synchronously, the group exchanges information about team and task issues to develop a consensus. Figure 3 lists several different types of information exchange that frequently occur. These include distributing information, discovering differences, brainstorming, critiquing and enriching each other's ideas, guiding, and negotiating, and making decisions.
After the meeting, team members separate to work on their individual tasks (left side of Figure 3 ). In performing their tasks, they continually make decisions about what they should do. Figure 3 This model lists the principal individual and group cognitive processes, each of which will sometimes be important to measure. The first EBR report on collaboration (Noble et al 2000) listed metrics for each of the cognitive steps in decision making (e.g., goal formulation, monitoring…), both for taskwork and for teamwork. The model also identifies some of the key synchronous team meeting processes that need to be measured. For instance, a metric for discovering differences could be the number of inconsistencies between people's understandings that nobody on the team is aware of.
Coupling Cognition, Behavior, and Products
The Cognition-Behavior-Product model ( Figure 4 ) emphasizes the nature of the relationship between individual and team understandings, individual and team behaviors, and individual and team products. It makes three important contributions: that team understandings, behaviors, and products must be mediated by individuals, that task quality and understandings affect each other, and that it is critical to measure individual task performance to assess collaboration effectiveness.
This model emphasizes that team cognition, team behaviors (the items listed under "meet together" in the individual-team interplay model) and team products connect only through individual efforts. For example, information exchange may be needed when different team members interpret team goals differently (differences in understanding are part of team understanding) and are aligned by discovering differences, clarifying ideas, and negotiation (team behaviors). However, this clarification only occurs when one or more team members individually realizes that there is a cognitive difference that's important to address, and when each individual engages in the behavior necessary to address it. The second important feature of this model is the bi-directional relationship between an individual team member's understandings (individual cognitive) and his task performance (individual behavior). The forward direction, from understanding to task, is obvious. People who did not understand a task well enough to perform a task well will usually perform poorly. The backward direction is less obvious, but very important to understanding the dynamics of collaboration. That is, people who don't perform a task adequately will fail to acquire the understanding that doing the task well would provide. If that understanding is needed to support subsequent related tasks, the team members would then also fail to perform those tasks well, which in turn would undermine performance on additional tasks. Hence, failure to understand what's needed in order to perform an early task well can set up a chain reaction that undermines a long sequence of additional dependent tasks.
Tools
This model points out that individual task performance mediates understandings and product development. Accordingly, it stresses the importance of measuring task performance, to include how well a task is accomplished and adherence to the task schedule.
Transactive Memory Model
The transactive memory model ( . Because of its emphasis on individual and team cognition and its strong empirical foundation, this model has been especially useful in identifying powerful collaboration metrics.
The transactive memory itself consists of the collection of individual understandings and the team mechanisms to exchange information and so update these individual understandings. The individual understandings include all of the understandings about teamwork and taskwork pointed out in the teamwork/taskwork model. These include understandings about how to do the tasks required to perform the mission, understandings about the status of the situation and task, understandings of how the team is organized to function, and understandings about how the team is actually functioning now. It includes the common ground elements such as understanding of other team member's capabilities, workload, and knowledge.
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Figure 5: Transactive Memory Model
In the transactive memory model, every team member is not expected to know everything. Instead, the knowledge is distributed throughout the team. As indicated in Figure 5 , the model classifies individual understandings in terms of their relationship to the understandings of other team members. This classification emphasizes how team members leverage each other's knowledge. The classes shown in Figure 5 are the knowledge that individual maintains for team, knowledge about what others maintain for the team and how access that knowledge, and private knowledge that the individual should share with others if that knowledge becomes relevant to the team. Team members also have a "meta-knowledge," an assessment of the adequacy of their knowledge. In addition, they have an assessment of what they believe the team as a whole has decided.
The "team developing consensus" block includes the same elements as the "meet together" function in the "individual-team interplay model." In this model, however, the purpose and effects of these interactions are to update and align the individual understandings in the transactive memory system.
Transactive memory appears to be a powerful intervening variable for collaboration. The transactive memory literature has shown that in those cases examined (e.g., team training methods) the state of the transactive memory can account for (statistically) all of the effects of the experimental manipulation (Liang et al, 1995) .
If this finding should generalize, then the transactive memory suggests a powerful class of cognitive collaboration metrics. This is the completeness and accuracy of a team's transactive memory, compared to what the transactive memory needs to be in order for the team to interact effectively. If, as the model suggests, the purpose of team member information exchanges are to create this needed transactive memory state, then the effectiveness of these exchanges may be assessed in terms of their impact on that state.
This last point, that the primary purpose of information exchange within a team is creation of the transactive memory that a team needs to carry out its tasking effectively, has great significance to metrics for collaboration. It suggests that measuring the amount or type of communication that occurs in a team is not particularly useful for understanding teamwork, unless that measurement can be related to its impact on the team's transactive memory.
Cognitive-Focused Collaboration Metrics
Because teams collaborate for many different reasons and work together in so many different ways, there are a large number of potentially useful metrics. 
Product Metrics
These metrics measure product quality and timeliness, and the efficiency with which they are produced. They are the "proof of the pudding" metrics, for teams normally should not be designated to be effective unless they can produce a good product efficiently.
Metrics for products produced by teams are the same as those produced by individuals, for the measurement of product quality should not depend on how the product was produced. In command and control, typical products are situation assessment briefings, plans, and decisions. The quality of many of these, like plans and decisions, are difficult to measure because there is usually not a known "book solution" that can serve as a standard for correctness and completeness. Though measuring such abstractions is challenging, EBR has been doing so successfully for more than a decade. HEAT (Hayes et al 1983) describes many of these metrics.
Examples of product measurements are the quality and timeliness or a situation assessment briefing and the efficiency with which it's produced. Timeliness is product creation time relative to a deadline. Team efficiency is the total person hours required to complete a product.
Situation assessment quality has been measured by comparing team member's assessments to the assessments of experts made under ideal conditions. The metrics measure the correctness of team member's situation assessments in such categories as identity, location, and capabilities of own, neutral, and adversary forces; adversary and own opportunities and risks; adversary intentions and possible courses of action; and key environmental factors.
Task Performance Metrics
These metrics measure the processes for creating and assembling products. When applied to individual team members, they measure task performance, schedule adherence, workload, level of engagement, and flexibility. When applied to the team, they measure how well the team synchronizes, adjusts, and assembles its products. These metrics can be highly diagnostic of overall team effectiveness, with significant impact on the team product quality and efficiency metrics. Tables 1 and 2 summarize these metrics applied to individuals and teams. There are two categories of task performance metrics at the team level. The first type of metric aggregates the individual task performance metrics. It might, for example, take the average of team members' workloads. The second type measures emergent team behaviors. These are behaviors that apply to the team as a whole, but cannot be defined at an individual level. An example is "fibrillation," in which there is a substantial amount of work being done by individual team members, but the work does not contribute in a coherent way to an overall product.
Issue Metric Addresses Metrics
Issue Metric Addresses Metrics Team agility Time required to note that team needs to adjust Fraction of time that adjustment is attempted when needed Effectiveness of adjustment Synchronization
Average delay in starting a task because precursor tasks were delayed Diminishment of desired effect because of imperfect synchronization "Fibrillation"
Fraction of preliminary individual products never used Fraction of individual products needing revision before they can be used 
Information Interaction Metrics
These metrics measure the adequacy of brainstorming, negotiating and the other processes that the team employs to acquire the required shared understandings and team consensus. At the individual level, these metrics measure individual contributions in support of developing the group understandings and consensus. At the team level, they measure the effectiveness of various group processes themselves.
The individual level metrics focus on the effectiveness of transfer of meaning, on the extent that each team member acquires the right information from an appropriate source, and on the extent the he provides the needed information to the appropriate recipient. Table 3 summarizes several of these metrics
Issue Metric Addresses Metrics Information acquisition
Fraction of time correct team member is asked for information Information provision Fraction of time "private information" needed by group is provided Transfer of meaning Fraction of time information needed by others is provided in a way that could be understood without the need for clarification Table 3 .
Metrics for Individual Team Member Information Interactions
The team level information interactions address how well the team as a whole functions as an assessment and decision making entity. An effective team will identify good lists of candidate assessments and actions and will evaluate these lists considering a full range of relevant criteria. Good teams will avoid the information filtering and biased evaluation criteria documented to arise in "Group Think" (Janis, 1972) . identified hundred of cognitive metrics for individual team members. These are organized in terms of teamwork and taskwork for seven decision making processes: goal formulation, monitoring, situation diagnosis, opportunity/problem identification, identification of candidate actions, evaluation of these candidates, and action selection. They address all of the elements of transactive memory, such as knowing what team member possesses needed team knowledge and knowing how to access that knowledge. Table 5 lists a few of these metrics. 
Issue Metric Addresses Metrics
in team knowledge or maximum expertise of knowledge within a team. Alignment concerns the extent that team members' understandings are consistent.
Experimental Demonstration of Metrics Practicality
The metrics identified in the previous section must be feasible to be useful. That is, it must be practical to collect the data to compute the metrics in the experiment environments in which it is desired to measure collaboration effectiveness. EBR performed two evaluations of the above metrics, piggy backing on experiments at PACOM at Camp Smith, Hawaii and at JFCOM at Suffolk, Virginia. Both of these experiments confirmed the feasibility of the metrics.
Evaluation issues
The practicality of these cognitive-focused collaboration metrics may be limited by their large number and by collection constraints at operational venues. In addition, use of some of these metrics may be hindered by the low observability of the phenomena being measured; by the large amount of data needed, and by their high level of abstraction. Because of these potential problems, the metrics evaluation sought to answer the following questions.
1. Does insight about collaboration require so many metrics that collecting the needed data to estimate this number is impossible?
2. Do the data collection constraints during experiments at military sites preclude obtaining the required data?
3. Does the low observability of cognitive metrics (e.g., measuring what people know) preclude collecting the needed data?
4. Is it possible to collect the volume of data needed to compute team level metrics which require measurements of all team members?
5. Are the team product metrics developed to measure C2 processes fully applicable to measuring collaboration products?
At the two evaluations, EBR tried out the metrics determine the extent that each of the potential problems impacts their utility in actual experiments. The ACOA MUA evaluated the first four of these metrics feasibility questions, providing affirmative answers in each case. The JFCOM experiment addressed all of the issues under more stringent data collection conditions, and also provided affirmative answers. In both cases, EBR's data collection goals were added to the objectives of larger evaluations previously planned for other purposes.
Evaluation at ACOA Military Utility Assessment (MUA)
The ACOA (Adaptive Course of Action) Military Utility Assessment is a formal evaluation event required for any technology developed as part of Advanced Concept Technology Demonstrations (ACTD). ACOA is a suite of integrated tools to support distributed collaborative planning at the CINC and JTF levels.
At the ACOA Military Utility Assessment a group of military and government civilian planners evaluated the effectiveness of an advanced distributed planning system being developed by the Adaptive Course of Action ACTD. These planners manned spatially distributed workstations that provided access to the ACOA collaboration tools.
Data collection. A contractor working as part of this ACTD planned and conducted this evaluation, and analyzed the results. EBR was invited to contribute two data collectors who were assigned to two of the workstations, and to contribute questions that were included in questionnaires presented to each participant at eight designated times in the two day evaluation.
EBR was limited to 2 to 5 cognitively focused questions at each of these eight prescribed points in the evaluation. As part of the data collection constraints, EBR designed these questions so that each could be answered within a few seconds. These questions probed the participants' understandings about issues important to task and team understanding. The taskwork questions asked about commander's intent, adversary goals, and plan elements and weaknesses. The teamwork questions asked about the responsibilities of people at the different workstations, how busy they are, and whether the team needed additional outside expertise.
Unlike the data collected through the questionnaires, which were presented on eight occasions to all participants, the metrics-related data was collected continuously but at only two workstations. These data focused on observable behaviors and conversations, but also included participant comments on current concerns and issues.
Results. Asking participants questions about their taskwork and team understandings was sufficient to compute both the individual and team level cognitive metrics on these subjects. While limited to only a few topics, the completeness and accuracy of their answers, as computed by comparison with an answer key, provided insight about their level of teamwork and taskwork understandings in general.
The observer notes on participant behaviors, conversations, and comments were sufficient to understand the relationships between task performance and their cognitive and non-cognitive causes. In fact, it was the analysis of these data that gave rise to the Cognition-Behavior-Product Model depicted in Figure 4 . Table 6 summarizes these relationships for the evaluation participant playing the role of the operational planning team leader. Note that in ACOA confusion over how to use these new kinds of tools added to operator workload on several occasions. 
Cognitive Causes Non-cognitive Causes
Evaluation of JFCOM Presentation LOE
This second metrics evaluation was intended to be a more stringent test of the collaboration metrics feasibility. Like the ACOA MUA, the EBR collaboration metrics evaluation team was permitted to add questions to a questionnaire presented to participants every few hours. However, unlike the ACOA MUA, where EBR data collectors sat next to key participants and were free to ask questions throughout the experiment, the JFCOM experiment imposed the more typical experimentation constraints where observers were to be "flies on the wall" during the scenario execution. As described below, these constraints did not reduce the ability to collect cognitive data from questionnaires. However, they did reduce the ability collect behavioral data.
The JFCOM Limited Objective Experiments (LOE), held at JFCOM/JTASC in August 2001, compared the effectiveness of three alternative methods of presenting and interacting with situation information. In this experiment, 18 staff members from JFCOM were organized into three groups, each functioning as a collaboration team. Each member of each of these groups was assigned to one of six positions, and retained that position throughout the two weeks of the experiment. The positions were "chief of staff," "plans," "operations," "future information," "current information, and logistics." Each team worked together in a room dedicated to a particular presentation method, but members were separated by partitions to generate the effects of spatially distributed teams. Team members shared a large wall-mounted visualization and personal computer visualizations. They could communicate by voice or by e-mail.
Data collection. The experiment exposed each of the three groups to each of the alternative presentation methods. The experiment was divided into twelve time periods. After each period, each participant answered a questionnaire about the situation, and each of the three groups prepared a situation briefing. In the data analysis, the experiment analysts scored each individual questionnaire for correctness and completeness of situation understanding, using an answer key that represents expert understanding. The analysts also scored the team situation briefing using the same answer key.
Because the JFCOM experiment focused on the effectiveness of information presentations in supporting situation understanding, many of the experiment questions prepared by the experiment organizers were the same as those needed to test the cognitive metrics for taskwork.
Results. As in the ACOA experiment, this experiment demonstrated the feasibility of the metrics. The desired data were able to be collected and analyzed under the fairly restrictive constraints placed on the data collectors. This experiment also showed the applicability of product quality metrics to the products produced by teams. Figure 6 portrays a particularly significant result from the JFCOM experiment--the strong confirmation for the substantial advantages of collaboration, with the data being consistent with the hypothesis that these advantages are mediated by the "transactive memory mechanism" discussed in Section 2.5. This figure compares for each of the three groups in the experiments the 1) the average situation understanding among team members, 2) the best individual situation understanding within the team, and 3) the quality of the team's briefing describing the situation. As shown in Figure 6 , for each group the team briefing was significantly better than the average situation understanding of team members, and was in fact significantly better than the best understanding of any individual team member. Note that the criteria for evaluating the briefings and the situation understandings were identical. Both were based on the same answer key and on the same scoring criteria.
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Figure 6: Measured Quality of Team Situation Assessments and Briefings
Without looking at the data for "best in team," the improvement of the team brief over the average understanding had two plausible explanations. The first is that the best member did the brief for the rest of the team, not relying on or needing the input from the other team members. The second is that the team members pooled their individual understandings, with each team member contributing especially to his particular area of understanding.
Clearly, in this JFCOM experiment, the "best in team" data rules out the first explanation, because for every team, the team brief was significantly better than the best of the individual situation understandings.
This example shows not only that team cognitive metrics are feasible to collect and compute, but that these metrics support theory development and testing. These metrics clearly support the transactive memory model, for this model provides a very direct way to understand these results. This model asserts that a collaborating team divides up responsibility for knowing various facts and procedures among team members. Each team member knows who is responsible for a particular area and knows how to obtain that information from those team members.
The transactive memory mechanism can easily explain the results observed in this experiment. Because someone knows something about each subject, pooling team knowledge generates some information about each aspect of the situation. This generates the high briefing score. Because no one knows everything about the situation, the understanding of any one individual, including the best informed person, is less complete than that of the team as a whole.
Conclusion: Application of Code of Best Practice
The cognitive-focused collaboration metrics measure individual and team understandings, information interactions, behaviors, and products. They are feasible to employ, and can not only measure team effectiveness but can provide insight into the reasons for effectiveness.
Development and evaluation of the cognitive metrics complied with the recommendations of the Code of Best Practice:
Metrics organization. They are organized into a hierarchy of metrics types that address the quality of the overall team product as well as the effectiveness of the understandings and behaviors the contributed to developing the product. Scenarios. The scenarios used to evaluate the metrics were designed to exercise key factors expected to drive utility of the metrics Use of models. They are informed, guided, and motivated by cognitive models of collaboration.
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